Phase separation of two different isosymmetric phases can occur as a result of their similar ground state energies. We have found such phase separation in a multiferroic system at a tensile-strain-driven morphotropic phase boundary of rhombohedral and orthorhombic bismuth ferrite. We utilize the emergent phase competition in order to implement three-step electric switching of ferroelectric polarization as well as rotation of the magnetic easy axis using electric fields. This observation provides a pathway to phase-competition-driven magnetoelectric devices. Multiferroics, which refers to compounds with at least two coexisting order parameters such as ferroelectric, ferroelastic, and magnetic order, have been a central topic of condensed matter physics because of intriguing physics of intercoupled phenomena and their potential applications for magnetoelectric devices [1] [2] [3] [4] [5] . Bismuth ferrite, BiFeO 3 (BFO), has been extensively studied due to a coexistence of ferroelectric and antiferromagnetic order at room temperature [3] . Bulk BFO (pseudocubic lattice parameter, a pc ∼ 3.965Å) has a rhombohedral structure (space group R3c) with an electric polarization of ∼90 μC/cm 2 along 111 [6, 7] . Epitaxial films of BFO grown on SrTiO 3 (a ∼ 3.905Å) undergo heteroepitaxial distortion leading to a rhombohedral-like monoclinic structure (R-BFO) [8, 9] . Moreover, assisted by theoretical studies on the strain-dependent phase diagram of BFO [10, 11] , it has been found that growth on substrates with widely differing lattice parameters gives rise to the emergence of other isosymmetric phases, i.e., tetragonal-like BFO (T-BFO) [12] [13] [14] [15] [16] [17] [18] [19] and orthorhombic BFO (O-BFO) [20] [21] [22] . The T-BFO phase is stabilized when BFO is grown on such substrates with smaller lattice parameters as LaAlO 3 (a pc ∼ 3.789Å). Remarkably, a strain-driven morphotropic phase boundary has been discovered as a consequence of phase competition between T-BFO and R-BFO [13] , which brings about many interesting phenomena such as colossal electrostrain [23, 24] , interfacial magnetism [25] , and electronic conduction [26] . However, phase competition between R-BFO and O-BFO in the regime of tensile strain has not been addressed in detail, despite the importance of a strain-driven morphotropic phase boundary as another counterpart in phase space, which offers new ways to achieve electric-field control of magnetism [20, 21, 27] .
Multiferroics, which refers to compounds with at least two coexisting order parameters such as ferroelectric, ferroelastic, and magnetic order, have been a central topic of condensed matter physics because of intriguing physics of intercoupled phenomena and their potential applications for magnetoelectric devices [1] [2] [3] [4] [5] . Bismuth ferrite, BiFeO 3 (BFO), has been extensively studied due to a coexistence of ferroelectric and antiferromagnetic order at room temperature [3] . Bulk BFO (pseudocubic lattice parameter, a pc ∼ 3.965Å) has a rhombohedral structure (space group R3c) with an electric polarization of ∼90 μC/cm 2 along 111 [6, 7] . Epitaxial films of BFO grown on SrTiO 3 (a ∼ 3.905Å) undergo heteroepitaxial distortion leading to a rhombohedral-like monoclinic structure (R-BFO) [8, 9] . Moreover, assisted by theoretical studies on the strain-dependent phase diagram of BFO [10, 11] , it has been found that growth on substrates with widely differing lattice parameters gives rise to the emergence of other isosymmetric phases, i.e., tetragonal-like BFO (T-BFO) [12] [13] [14] [15] [16] [17] [18] [19] and orthorhombic BFO (O-BFO) [20] [21] [22] . The T-BFO phase is stabilized when BFO is grown on such substrates with smaller lattice parameters as LaAlO 3 (a pc ∼ 3.789Å). Remarkably, a strain-driven morphotropic phase boundary has been discovered as a consequence of phase competition between T-BFO and R-BFO [13] , which brings about many interesting phenomena such as colossal electrostrain [23, 24] , interfacial magnetism [25] , and electronic conduction [26] . However, phase competition between R-BFO and O-BFO in the regime of tensile strain has not been addressed in detail, despite the importance of a strain-driven morphotropic phase boundary as another counterpart in phase space, which offers new ways to achieve electric-field control of magnetism [20, 21, 27] .
In this Rapid Communication, we report that phase separation of the two competing R-BFO and O-BFO phases occurs in BFO films grown on (110) pc -oriented GdScO 3 (GSO; * chyang@kaist.ac.kr a pc ∼ 4.014Å) substrates. We observe that needle-shaped O-BFO regions form within the R-BFO matrix in as-grown films and that their areal fraction along with ferroelectric polarization is controlled by an external electric field. Remarkably, we observe that poling an area by applying electric fields of moderate strength induces the expansion of O-BFO phase regions. Strong electric fields, however, produce R-BFO dominant states. Furthermore, we determine the magnetic easy axis of O-BFO and R-BFO in this tensile strained case through Fe L-edge x-ray absorption spectromicroscopy. These observations open the door to versatile physics related to the instability at phase boundaries and a conceptual three-step and/or magnetoelectric data storage memory based on phase separation.
Epitaxial BFO thin films were grown on (110) pc -oriented GSO substrates with a ∼1-nm-thick SrRuO 3 buffer layer by means of pulsed laser deposition (PLD). The GSO substrate has an orthorhombic structure with a = 5.7454Å, b = 7.9314Å, and c = 5.4805Å [28] . The [110] pc pseudocubic direction of the substrate corresponds to the [001] o orthorhombic direction. Substrate temperature and oxygen pressure were maintained at 700°C and 100 mTorr during the deposition. A KrF excimer laser (λ = 248 nm) was operated at the repetition rate of 10 Hz and the laser fluence was adjusted to be ∼1 J/cm 2 . For the investigation on crystal structures, a θ -2θ scan and reciprocal space maps (RSMs) were carried out by an x-ray diffractometer (PANalytical X'pert MRD PRO) with Cu Kα 1 radiation. A scanning probe microscopy instrument (Veeco-DI Multimode V equipped with a Nanoscope controller V) was utilized for out-of-plane (OOP) and in-plane (IP) piezoresponse force microscopy (PFM) measurements as well as surface topography measurements. We used Pt-coated Si tips (HQ:NSC35/Pt, MikroMasch) and a PFM-ac voltage of 3 V was applied at a frequency of 9.995 kHz. The tip velocity during measurements was 4 μm/s. X-ray magnetic linear dichroism (XMLD) and photoemission electron microscopy (PEEM) studies were carried out at the UE-49 PGMa beamline of the BESSY II storage ring of the Helmholtz-Zentrum Berlin using linearly polarized incident x rays in the region of Fe L 2,3 edges [29] . The incident x rays with σ polarization (within the sample surface) or π polarization (within a plane perpendicular to the sample surface) were injected at an incident polar angle of 60°from the film normal. Figure 1 shows a schematic diagram describing possible competing states with their ferroelectric polarizations emerging in a tensile strained (110) pc BFO thin film. The R-BFO phase has a polarization oriented along 111 pc directions suffering a monoclinic distortion so that the [110] pc axis is slightly tilted toward [001] pc . In addition, the ferroelectric polarization of O-BFO in this study lies within the (110) pc plane and thus it does not have any OOP component. We can classify the polarization orientations in the thin film into three groups in terms of OOP polarizations: downward polarization ( Pn < 0), zero OOP polarization ( Pn = 0), and upward polarization ( Pn > 0). We will demonstrate electrical switching between the three states later in this paper.
In order to clarify the purity and strain state of the film, we performed an x-ray θ -2θ scan distortion so that the OOP direction of [110] pc is tilted toward an IP direction of [001] pc by ∼0.9°, which is due to the fact that the polarizations of R-BFO point to 111 pc . In addition, the asymmetric peaks of O-BFO were detected at the expected pseudotetragonal positions without any splits, indicating that the supercell of O-BFO is orthorhombic. We note that the (110) pc BFO films undergo only uniaxial coherent misfit strain along the [001] pc direction. The horizontal position of {221} pc BFO peaks is exactly matched with that of the substrate, however, the {210} pc BFO peaks of diffusive shape along the horizontal direction are far away from the IP position of the GSO peak. This is due to the fact that the tensile strained films are partially relaxed along the [110] pc direction while holding a coherent strain along [001] pc . It is considered that the partial strain relaxation plays an important role in phase separation by allowing different IP lattice parameters of the constituent phases. The O-BFO allowing only IP components of polarizations has a larger IP lattice parameter, while the OOP lattice parameter becomes relatively smaller, maintaining the volume that is comparable to that of R-BFO.
In order to investigate the as-grown ferroelectric domain structure of R-O mixed phase thin films, we performed PFM measurements (Fig. 3) . As expected, the OOP PFM reveals dark contrast in most areas implying the dominant presence of R-BFO with a downward polarization. This PFM measurement clearly confirms phase separation between R-BFO and O-BFO. The BFO film is grown on a conducting SrRuO 3 buffer layer and the top surface is exposed to air. The different top/bottom electrostatic boundary condition breaks a mirror symmetry inducing a built-in field preferring the downward polarization in this case. Despite the built-in field, the presence of the O-BFO phase with purely IP directional polarization suggests the O-BFO phase is likely to be the most stable state in the aspect of mechanical deformation energy in such a tensile strained situation.
In the following we discuss the magnetic easy axis ( ↔ M) of spin moments for a better understanding of magnetoelectric properties of the compound. The perovskite BFO has 3d 5 electrons for each Fe 3+ ion so we expect a G-type antiferromagnetic order indicating all nearest-neighboring spins are aligned in an antiparallel manner according to the superexchange rule [31] . Additionally, the spin-orbit interaction introduces an anisotropic spin-spin interaction defining a magnetic easy axis. Since it is sensitive to the local crystal structure surrounding a corresponding magnetic ion, R-BFO and O-BFO phases are likely to have different magnetic easy axes. To determine the magnetic axes, we carried out x-ray absorption spectroscopy (XAS) across the Fe L edge with a linearly polarized x ray where its electric-field direction ( Fig. 4(a) ]. The XAS spectra are divided into L 3 peaks due to the 2p core hole spin-orbit splitting. Each peak additionally splits into two subpeaks separated by ∼1.5 eV reflecting the splitting of empty d orbital levels of Fe 3+ (3d 5 ) into t 2g and e g levels due to the cubic crystal field [32] . The Fe L-edge XAS spectra depend on whether the x-ray polarization is parallel or perpendicular to crystalline or magnetic axes. In the present experiment, the two phases we analyze are located in the same film and their crystalline axes are exactly aligned with each other. Since R-BFO and O-BFO are nearly the same perovskites with only slight differences in lattice parameters of less than 1%, we reasonably assume that the crystal structural effect on XAS is not a dominant factor for such isosymmetric phases. Accordingly, the different feature in the relative strength of two L 2 subpeaks (A and B) , as presented in the inset of Fig. 4(a) , reflects any discrepancy in the antiferromagnetic axes of O-BFO and R-BFO. Arenholz et al. studied systematically the anisotropic nature of XMLD of iron oxides for various experimental geometries [33] . For an experimental geometry where To address the antiferromagnetic axes, we employed PEEM because it provides a powerful tool to examine local electronic and magnetic structure at a spatial resolution of ∼30 nm [29] . As shown in Figs. 4(b) and 4(c) , the OOP and IP-PFM images identify positions of R-BFO and O-BFO phases clearly. We took PEEM images on the same area using three different linear x-ray σ polarizations at photon energies of 721 and 722.5 eV. The subtraction of the left L 2 peak intensity from the right one (I PEEM = I B − I A ) becomes a good indicator to infer the magnetic easy axis. Corresponding PEEM images are shown in Figs. 4(d)-4(f) . Indeed, we observe a clear difference in the local XAS spectra between O-BFO and R-BFO regions when x-ray polarization is along [001] pc [ Fig. 4(d) ]. The needle-shaped O-BFO regions exhibit bright contrast as compared to the other R-BFO matrix area. It is seen that the contrasts become reversed when the linear polarization is rotated by 90°pointing to [110] pc [ Fig. 4(e) ]. However, we have observed little contrast for the image taken at linear polarization rotated by 45°with respect to [001] pc [ Fig. 4(f) ]. Hence, these observations lead us to a presumption that the magnetic easy axis of R-BFO is more parallel to [001] pc and that of O-BFO is along [110] pc in terms of their IP components.
However, this observation itself is not yet a full indication of their exact magnetic easy axes in three-dimensional space. For a better understanding, we performed an additional measurement of a PEEM image with π polarization as presented in Fig. 4(g) . As compared with the IP-PFM image [ Fig. 4(c) figure) suggests that the magnetic easy axis of the o − domain is closer to the x-ray polarization than that of the o + domain. On the other hand, the contrast of R-BFO domains is uniform regardless of their different IP polarizations, which indicates that the r This model of magnetic easy axes is consistent with the previous studies. It has been theoretically studied that the magnetic easy axis of bulk R-BFO lies within a (111) pc plane perpendicular to its ferroelectric polarization [34] . The degeneracy within the plane can be lifted by a compressive monoclinic distortion. For example, growth of BFO on a (001) pc SrTiO 3 substrate results in a magnetic easy axis along one of the in-plane 110 pc axes defined by an intersection of the (111) pc magnetic easy plane and the (001) pc film surface [35] . On the contrary, our film subject to the tensile strain on GSO substrate is expected to have the 112 pc axis as a magnetic easy axis of the tensile strained R-BFO. has a magnetic easy axis tilted by 34°toward its ferroelectric polarization direction from the surface normal [22] . All these preceding reports support our results on the magnetic axes.
Finally, we explore the electric-field switching effect on the spatial distribution of O-BFO and R-BFO. As shown in Fig. 5 , we applied electric fields by scanning with a conductive atomic force microscope tip biased at −3.5 V over the 6 × 6 μm 2 area, inside of which we made another poling box sized 2 × 2 μm 2 with a higher bias voltage of −10 V. Then we measured a PFM image over the whole double box area. Remarkably, we have found that the moderate strength electric field makes the O-BFO phase areas expand and their OOP PFM signal becomes nearly zero. On the other hand, strong electric poling reverses the OOP polarization to upward direction making the dominant phase R-BFO. As discussed before, the magnetic easy axes of these competing phases are perpendicular to each other in terms of IP components. Thus, the observation of electric-field-induced phase switching offers an opportunity for magnetoelectric applications.
The magnetoelectric coupling of R-BFO has been demonstrated in the form of electrical switching of the magnetic plane [35] . But the lack of net magnetization in BFO demands hybrid structures consisting of BFO and other ferromagnetic layers such as CoFe [36] [37] [38] , La 0.7 Sr 0.3 MnO 3 [39, 40] , and permalloy [41] . In these magnetoelectric devices, an external electric field switches the magnetic easy axis of BFO and the switching is delivered to adjacent ferromagnetic layers through exchange coupling/bias. However, the rotation of magnetic plane in R-BFO is always accompanied by ferroelastic switching, which is unstable in terms of elastic energy since the switched region deforms elastically against other surrounding areas. Instead, it is more favorable that other elastically compatible ferroelectric states emerge via 180°d omain switching by holding the magnetic easy axis as it is. Thus, reliable ferroelastic switching has been a critical issue for realizing magnetoelectric devices of BFO [42] . Our current observation regarding the magnetic axis rotation provides an ideal pathway to magnetoelectric applications due to the fact that the application of an external electric field compels the resultant state in a deterministic way without other undesirable paths of switching.
In summary, we observed phase separation of R-BFO and O-BFO phases in epitaxial BFO films grown on (110) pcoriented GSO substrates, which provides a tensile misfit strain. We characterized PFM domain structure, strain state, and magnetic easy axis for each phase and explored electric-fieldinduced phase switching. The discovery of phase separation between R-BFO and O-BFO and their electrical controllability not only reveals thought-provoking fundamental issues regarding phase competition but also offers a promising pathway to the electrical rotation of a magnetic axis.
